Abstract. We present the results of direct numerical simulation of stably stratified open channel flow. The main goal of the paper is to check the effect of thermal stratification on the dynamics of vortex interactions. By comparing the vortex stretching in neutral and stratified cases we show that imposing the stratification leads to an increase of the ratio between positive and negative vortex stretching magnitudes in the flow. That indicates the change in spectral transfer of turbulent energy.
Introduction
Stably stratified channel flow attracts increasing attention in scientific community over past decade ( [1] [2] [3] ). Due to the increase of available computational power more and more flow configuration are becoming ready for a direct numerical simulation. Stably stratified channel flow is a numerically low-cost model for a night atmospheric boundary layer, where the relatively hot air flows over the colder ground. Depending on the ratio between the shear and negative buoyancy the flow may become fully turbulent, laminar, or intermittent, with the dynamic alternation of turbulent and laminar spots.
The turbulent collapse in low Reynolds number channel flows, where the negative buoyancy completely suppresses the turbulence, was studied by several authors [3, 4] , showing that there exist a critical Richardson number preceding the collapse. With a slightly less than critical Richardson number the turbulent and laminar patches become very unstable and dynamic. In such conditions we might expect the largest influence of the stratification on the vortex interaction process. The internal gravity waves accompanying the transition from turbulent to laminar regimes were detected in the central part of the channel [2] . Their activity was shown to remain even after the transition to fully laminar regime. The comparison between the channel flow and open channel flow, where the upper boundary has free-slip condition [5] shows that the internal waves activity although sufficiently weaker is still present in open channel flows at the upper boundaries.
In this short paper we consider the effect of stable stratification on the vorticity dynamics, namely on the vortex stretching. The vortex stretching is considered the main source for the growth of 3D instabilities leading to the formation of forward turbulence cascade. The prevalence of positive stretching promotes the transfer of turbulent energy to the small scales. So the change of rate of occurrence of positive and negative vortex stretching events their relative strength should affect the spectral energy transfer process.
Computational details
We simulate the open channel flow with a relatively low Reynolds number
, where u  is a friction velocity,  -kinematic viscosity and h -the open channel height). We studied two configurations: with a neutral stratification (
where  is thermal expansion coefficient, g is gravitational acceleration and T is temperature difference between top and bottom boundaries) and stable stratification (
). The Prandtl number value was equal to 0.71.
The computational domain size was 8π × 4π × 1 with 512 × 50 × 512 grid points respectively. In longitudinal and transversal directions the grid was uniform, while in vertical direction the grid was clustered toward the wall with the grid step range: 0.1 5.5 y     . We used a DNS solver based on an open-source CFD package called OpenFOAM. OpenFOAM has been verified for a number of scientific and engineering applications [6, 7] . The governing equations of incompressible fluid flow with Boussinesq approximation for buoyancy force are sampled using the finite-volume method with second order accuracy in space and time. Periodic boundary conditions were prescribed at the streamwise and spanwise boundaries. A no-slip boundary condition was set up for the bottom wall and a free-slip condition was set for a top boundary. Fixed temperature values (of 1 and 0) were used at top and bottom boundaries respectively.
Results and discussion
The selected Richardson number value (240) is showing a very strong intermittency with large triangle-shaped turbulent spots. The spots are advected downstream with the mean velocity and slowly changing their shape. This should make the effect of stable stratification on vortex dynamics as large as possible for the selected Reynolds number value (180). In the case of neutral stratification turbulent vortices occupy the entire volume of the channel. Figure 1 shows the mean velocity and temperature fields together with Reynolds stress and turbulent heat flux profiles for both simulated cases. The effect of stratification on the mean fields is very strong leading to increase of the bulk velocity, decrease of Reynolds stress and turbulent heat flux. The mean temperature profile also becomes closer to the laminar one.
The mean fields
The flow configuration was similar to the one reported in [3] , so the mean fields obtained in the simulation were compared with the ones from [3] . The comparison shows good agreement between the two simulations in both mean profiles and stresses.
The effect of stratification on vortex stretching
The vortex stretching term (
, where S ij is a strain rate tensor and  is vorticity)
in the enstrophy equation shows the production of enstrophy by vortex interactions. If S  is positive the vortex tube is stretched longitudinally and its cross-section area is diminished so that the volume of the tube remains unchanged. That in general leads to the spectral transfer of the energy toward the small scales. But it is possible for the S  to be negative, meaning that the vortex tube is shortened and widened, thus transferring the energy towards large scales of the flow and decreasing the local dissipation rate. It is worth noting that in two-dimensional flows S  is exactly zero.
To distinguish between these two processes the separate contributions of positive and negative vortex stretching into the net one were computed. For each horizontal plane the positive and negative parts of S  were integrated separately and then divided over the area of the computational part of plane. Then some averaging in time was performed to acquire the sufficient statistics. Figure 2a ,b shows the result of this operation. It can be seen that the negative contribution is sufficiently smaller than the positive one. Qualitatively the behaviour of positive and negative stretching profiles is the same, showing a maximum close to the laminar layer and rapidly diminishing toward the wall. In both cases this behaviour is similar, but in stratified case the magnitude of total vortex stretching maximum is about 1.5 times larger than in neutral one, while the mean enstrophy ( The main question of this study is to compare the ratio between the positive and negative parts of S for both cases. Figure 2c shows the S pos /S neg profiles. It can be seen that this ratio grows with distance from the wall and getting to its peak at y/h=0.3 in both cases. This point is well in the turbulent region of the flow and much further from the wall than the peak in vortex stretching. As for the values in Fig2c it can be seen that the stratified flow has about 0.75 times lower ratio of positive to negative stretching than the neutral one, which is a clear indication of the influence of stratification on the vortex dynamics.
However as it was mentioned earlier the mean enstrophy (Ω) is 1.64 times lower in a stratified case than in neutral one. Figure 2d . shows the profiles of vorticity variance normalized by the mean enstrophy over the whole volume. It is seen that in stratified case the profile has less steep decay with distance from the wall at y/h<0.4 and more steep decay than the neutral one further from the wall. It is interesting to note that this change in the behaviour occurs at the same distance from the wall where the decay of S pos /S neg starts. 
